We demonstrate non-destructive imaging and discrimination of specimens with electrical conductivities down to 5 × 10 2 S m −1 . The images are obtained with an 85 Rb radio-frequency atomic magnetometer operating at room temperature, in an unshielded environment. This extends the domain of electromagnetic imaging with atomic magnetometers to low-conductivity, non-metallic materials -representing an improvement of more than two orders of magnitude from previous results. We validate the technology by imaging and identifying different concentrations of n-dopants in Si samples. Simultaneous images of specimens with a difference in conductivity up to twenty times is demonstrated. Multi-frequency image analysis allows unambiguous discrimination of different dopant levels, with a resolution of 2.5 times. These results demonstrate a viable approach for non-invasive imaging of non-metallic materials, as well as for accessing and imaging the bulk properties of large wafers of semiconductors, with the potential for full material characterisation and quality monitoring. High-impact specific applications in science and technology are identified.
Imaging is ubiquitous throughout science and technology. However, some aspects or areas remain precluded to direct access, either because of lack of dedicated instruments, or because the limited sensitivity of current technologies. A representative case is the bulk electromagnetic properties [1, 2] -such as the doping concentration -in semiconductors and, more generally, the distribution of dielectric properties in low-conductivity materials or biological tissues [3] .
In this context, electromagnetically induction imaging (EMI) with atomic magnetometers (AMs) has the potential to map the distribution of conductivity (σ) and the other dielectric properties in low-conductivity materials [4, 5] . However, previous results have been limited to metallic and conductive specimens [6] [7] [8] [9] . The ability to explore conductivities below the 10 4 S m −1 level would open the gateway to a wealth of uses and applications, from research laboratories to hospital wards.
Here, we propose and experimentally demonstrate the use of a high-sensitivity and broadly tunable 85 Rb radio-frequency (RF) AM for directly imaging and mapping non-metallic, low-conductivity samples, down to 5 × 10 2 S m −1 . This represents a 140-fold improvement with respect to previous results [9] . We also demonstrate that the high dynamic range achieved by our system allows simultaneous imaging of samples with large differences in electrical conductivity. We validate our sensing platform by imaging Si samples, with different, controlled concentrations of n-type doping, ranging from 5 × 10 18 cm −3 to 3 × 10 16 cm −3 . EMI is thus extended to Si and semiconductors compounds: non-destructive probing of the specimens' electrical conductivities, as determined by the abundance of P donors, and real-time imaging and assessment of the dopant concentration are demonstrated.
When it comes to semiconductors imaging, current technologies allow optical imaging of sub-µm structures only under specific circumstances, or by using hybrid approaches -such as plasmon excitation -in scanning near-field microscopy [10, 11] . In other cases, such as µ-Raman, detection is only indirect, as mediated by phonons, and only sensitive to relatively high concentrations (10 18 cm −3 ) [12] . All these methods are mostly confined to surfaces and interfaces. Electron-based imaging -such as scanning electron microscopy -requires dedicated preparation of the samples (e.g. metallisation), and is usually destructive [13] . This increases losses and limits applicability, due to restrictions in time and available samples. Furthermore, all these approaches are usually limited to small areas -of the order of 10 4 µm 2 -and they cannot map the concentration of dopants and the related distribution of electrical conductivity. This would be an important asset for evaluating the properties of bulk semiconductors and heterostructures, which are rarely directly accessible [14, 15] .
The approach demonstrated here provides nondestructive access to dopant concentrations, without any former preparation of the sample. The sample's integrity is maintained throughout the imaging process. Our results are compatible with materials, sizes, and requirements for numerous technologically relevant applications and Si substrates, such as wide bandgap power semiconductor devices [16, 17] , and photovoltaic and solar cells [18] [19] [20] . This creates new perspectives for the investigation and characterisation of semiconductor compounds. Uses are envisaged from batch production control and material research (for example the mapping of conduction bands in bulk semiconductors), to semiconductor engineering and advanced doping [21] , potentially with organic semiconductors. The imaging, characterisation, and identification of low-conductivity samples disclosed by our work is a promising results for other fields, in- Figure 1 . Electromagnetic induction imaging with a radio-frequency atomic magnetometer. a) Investigation of the sample. An AC magnetic field BRF (t, y) oscillating at ωRF induces eddy currents (EC) in the specimen, with an exponentially decaying density alongŷ. ECs produce a secondary field BEC opposing BRF and phase-lagged with respect to it. BRF contains information on the doping concentration, via the conductivity σ, permittivity ε, permeability µ, and the geometry of the object. An 85 Rb RF AM detects the perturbation caused by the object's response (BEC). Position-resolved measurements allow 2D mapping of the specimens' characteristics. b) 85 Rb level diagram and tuning of lasers. c) RF AM tunability. RF spectra of the AM, at the frequencies used in this work. Reliable operation between 100 kHz and 2 MHz is demonstrated.
cluding security and screening, industrial monitoring, recycling -where precious and potentially pollutant semiconductor waste can be identified and isolated [22, 23] and biomedical imaging [3] .
Results
Experimental approach. Imaging of specimens and mapping of their doping characteristics is realised via EMI, also referred to as magnetic induction tomography (MIT) [5] , performed with an 85 Rb RF AM. An AC magnetic field (B RF in Fig. 1a) ) -oscillating at ω RF -penetrates the sample and excites a secondary field B EC (also oscillating at ω RF ). The characteristics of B EC , such as its phase lag φ, depend on the dielectric properties [5] and hence on the doping concentration -and the geometry [24, 25] of the medium. By measuring B EC at various positions a non-invasive, contactless 2D map is obtained.
A sketch of the experimental arrangement is shown in Fig. 1a) . In this work, B EC is measured by a tunable 85 Rb atomic magnetometer, operating close to room temperature (45
• C), and in a magnetically unshielded environment. Its operating principle is illustrated in Figs. 1a) and b), and the details are described in Methods. The system relies on automatic compensation of background noise via active stabilisation of stray fields [26] . B EC imprints the local characteristics of the specimen in the atomic spins motion. This is interrogated by a weak laser beam. Information is read-out via phase-sensitive detection. The RF AM designed for this work has demonstrated a sensitivity of 1.3 × 10 2 fT/ √ Hz, with a tunability across three orders of magnitude [26] . Tuning is achieved by setting the desired bias field B bias , which imposes the atomic Zeeman splitting. The sensor's tunability is demonstrated in Fig. 1c ), in the range between 100 kHz and 2 MHz, with a relatively small degradation of performance (a factor 8 in amplitude). Quest for lower conductivity. For a given medium, the penetration of B RF and the material's capability of sustaining ECs determine the response field B EC . The former is regulated by the skin effect, which depends on the frequency ω RF : the primary field decays by dissipating its energy into ECs, while propagating into the medium according to B RF (y) = B RF (0) exp (−y/δ(ω RF )) (Fig. 1a) ). The skin depth δ(ω RF ) is given by [27] :
where σ, ε, and µ indicate the medium's conductivity, permittivity, and permeability, respectively. With increasing frequencies, B RF is progressively confined to the surface with virtually no penetration into the bulk. This depends on the conductivity of the medium. For a given B RF , conductive objects exhibit a higher density of ECs and therefore a larger B EC . This explains the success of EMI of metallic samples, with both AMs [6] [7] [8] and conventional sensors [25, [28] [29] [30] . Decreasing the frequency increases the penetration of B RF , allowing barrier penetration [31] or analysis of deeper regions [32] .
B EC is related to B RF by:
provided δ(ω RF ) is large compared to the sample's thickness. α and β are geometric factors [33] . As the conductivity of the sample decreases, the corresponding reduction in B EC can be compensated by increasing ω RF . Based on these considerations, we propose AMs as the ideal choice of sensor for EMI of low-conductivity targets -in particular for the evaluation of doping concentration in semiconductors wafers, as demonstrated in the following.
In Table I . Low-conductivity, non-metallic samples imaged via EMI with an RF AM. Details of the n-doped Si samples used in this work. The electric conductivity σ is reported for each sample, as well as the P donor concentration.
The most n-doped sample (σ = 1 × 10 4 S m −1 , Fig. 2a) ) exhibits the largest phase variation, ∆φ = −40
• . The 5 × 10 3 S m −1 sample (Fig. 2b) ) produces a maximum variation of ∆φ = −32
• . In both cases, the high contrast creates well-defined contours. Such definition is partially degraded with the lowest-doped targets -σ = 1 × 10 3 S m −1 (Fig. 2c) ) and 5 × 10 2 S m −1 (Fig. 2d) ). In these cases, the maximum recorded ∆φ decreases to ∆φ = −9
• and ∆φ = −7.5
• , respectively.
The RF AM operation frequency is tuned from 1.58 MHz to 2.00 MHz to optimise the each image's contrast by increasing the measured ∆φ. This exploits the dependence of the secondary field B EC on ω RF (Eq. 2). The general dependence on σ is confirmed by the approximately linear relationship between ∆φ and ω RF σ. These results are obtained in unshielded environments at room temperature, and without any background subtraction. Samples are maintained in normal atmosphere and at room pressure throughout the whole process. Figures 2a)-d) represent the first EMI detection of different doping levels in semiconductors, and the lowest conductivities samples imaged with an EMI-AM system (Fig. 2e) ). In particular, the 5 × 10 2 S m −1 sample surpasses the previous record by 146 times [9] . This extends the domain of EMI-AM to advanced characterisation of materials. Conductivity Maps of Non-Conductive, NonMetallic Specimens. In Fig. 3 EMI images of different n-doping concentrations are simultaneously obtained. This demonstrates the feasibility of direct and non-destructive imaging of the distribution of doping in the bulk of "large" volumes of semiconductors.
In all images, samples with different doping concentrations contribute different levels of ∆φ. In Fig. 3a) , both the two most doped samples (σ = 1 × 10 4 S m and σ = 5 × 10 3 S m) appear well-defined, with high-fidelity in size and shape at ω RF = 1.58 MHz. The measured levels of ∆φ are consistent with the differences in σ. The same behaviour is observed in the case of the two least doped samples (σ = 1 × 10 3 S m and σ = 5 × 10 2 S m), imaged at 2.0 MHz in Fig. 3b) .
The similar ratio between the ∆φ responses of the two samples in Fig. 3a) (1.17) and Fig. 3b) (1.23) is a conse-b) c) a) quence of the identical ratio between the conductivities. A general decrease of the signal-to-noise ratio of the image is observed in the latter case, due to the smaller ∆φ produced by the low-doping samples. However, the increase of ω RF allows clear identification of targets.
In Fig. 3c ), a simultaneous EMI image of the most and least n-doped samples (σ = 1 × 10 4 S m and σ = 5 × 10 2 S m, respectively) is shown. This represents the largest difference of conductivity imaged in a single image with an AM. We note that the highly doped sample (on left hand side) is well defined, and exhibits ∆φ comparable with the levels detected in other configurations. The low-concentration doped sample (on the right hand side) exhibits a lower contrast in the chosen colour scale, but it is clearly visible -again with signal levels consistent with the previous cases. Our system demonstrates a large dynamic range in its ability to detect large differences in donor concentration -in the same image at a single frequency. n-Dopant Concentration Imaging and Discrimination. To fully characterise materials via AM based EMI we follow a procedure derived from eddy current impedance spectroscopy [24, 34] . The approach is adapted to the images produced by our system of n-doped semiconductor samples.
From Eq. 2, we note that B EC perturbs the atomic spins motion with a real part, in-phase with B RF , and an imaginary part, in-quadrature with respect to B RF . Both components vary with the frequency of the applied field (ω RF ). Following Eq. 1, the penetration of B RF into the specimen also varies with ω RF -from complete (i.e. through the whole bulk of the object) to zero (as ω RF increases). We combine these effects to write the total EMI response amplitude as:
Variations in X and Y as a function of frequency can be attributed to different characteristics of specimen. X monotonically increases with ω RF , up to a point where the skin-depth becomes negligible compared to the thickness of the samples. In this condition, ECs flow only at the surface (ω RF → ∞ ⇒ δ(ω RF ) → 0). At this point, X becomes a function of the surface geometry of the specimen. On the contrary, Y -for a given specimen -presents a peak response. In the intermediate frequency regime, where δ(ω RF ) is at least a significant fraction of the specimen's thickness, Y exhibits an absolute maximum, which decays when B RF goes through the object virtually unaffected (ω RF → 0 + ) and when it does not sufficiently penetrates the bulk (ω RF → ∞). Because of this, Y is directly sensitive to the bulk conductivity (Eq. 2) and can be related to ∆φ. By acquiring images of the same sample at different frequencies, it is possible to discriminate the level of n-doping by measuring X and Y . This approach is also applicable to p-doped semiconductors, and to other materials and geometries.
The results are shown in Fig. 4 . The variations -∆X and ∆Y -are normalised with the absolute value of the total AM's signal |S| and are plotted as a function of ω RF for the four different dopant concentrations. Figure 4a) clearly distinguishes the data corresponding to the 1 × 10 4 S m −1 sample, the 5 × 10 3 S m −1 sample, and the combination of the lowest-conductivity samples. For ∆Y , Fig. 4b ) clearly exhibits four separate curves corresponding to the level of n-doping in each semiconductor sample and hence the different conductivities. The maxima of the four curves are displaced due to the relative difference in conductivity and the associated depth of penetration into the bulk (Eq. 1). We note thatalthough the entire frequency spectrum has not been explored -in the band 100 kHz-2.00 MHz the curves exhibit a trend similar to both the predictions and previous observations of metallic samples [24] . Unambiguous discrimination of different levels of n-doping spanning two orders of magnitude in density (10 16 cm −3 -10 18 cm −3 ) is obtained, with sensitivity to changes in the P donor concentration as small as a factor 2.5. Classification of results via trained algorithms [9] would be able to also measure the absolute doping level. Discussion We have demonstrated electromagnetic induction imaging with unprecedented performance and dynamic range. Imaging was performed with a subpT RF AM tuned between 100 kHz and 2 MHz in unshielded environments, at room temperature and pressure.
No sample preparation was required. Images of low-conductive, non-metallic samples -down to 5 × 10 2 S m −1 -were obtained. This represents a two orders of magnitude reduction in the lowest-conductivity material imaged with an atomic magnetometer, and more than three orders of magnitude with respect to results obtained in magnetically shielded environments. This proves the suitability of our approach for non-metallic and non-conductive specimens. In light of our results, the possibility of unshielded imaging and characterisation with high dynamic range of very low conductivities, such as those relevant for biomedical imaging, appears achievable in the short-term.
This advance in EMI performance also allowed the direct imaging and discrimination of different concentrations of n-dopants in Si samples, down to 3 × 10 16 cm −3 . Our technique is well-suited to comparatively large samples, where other technologies may be impractical or expensive. In summary, our results demonstrate that nondestructive imaging of the bulk properties of semiconductors is possible via EMI with AM.
Analysis of the multi-frequency response of the samples allowed identification and discrimination of the different concentration of n-doping (P donors). Resolution of variations in dopant concentration as small as 2.5 times has been demonstrated. The ability to image and discriminate low-conductivity samples, as presented in this work, combined with machine-learning approaches, would also allow one to determine the absolute concentrations of dopants. The method can easily be extended to p-doping and to other materials, alloys, or compounds.
It represents a new approach to the identification of the bulk properties and classification of semiconductor compounds, as well as the testing and monitoring of large area semiconductor wafers.
Based on these considerations, direct impact in material research and semiconductor science and their applications are envisaged. Advantages in other sectors where identification or classification of low-conductivity materials is relevant can be anticipated, from recycling and sustainability to security.
Methods n-doped Si samples. The samples used in this work were manufactured and calibrated by PI-KEM ltd with float-zone (FZ) process. Crystals are cut along the 100 direction with dimensions 25 × 25 × 10 mm 3 . Thickness is controlled within ±50 µm. Progressive n-doping with 5-valent P creates an excess of electrons (four e − are used for Si-bonds, the fifth one act as a charge carrier). Donor concentrations are:
16 cm −3 , and 3 × 10 16 cm −3 , respectively. This allows the tailoring of the electrical conductivity of the samples. The top side of the samples is optically polished. Samples are rated for 1 × 10
, and
respectively. Samples' characteristics are summarised in Tab. I.
RF AM. The core of the RF AM is a cubic glass chamber containing 85 Rb and 87 Rb in natural abundance and 20 Torr of N2 as buffer gas. The latter imposes a diffusive regime to the random atomic motion. Atomic spins in the 85 Rb vapour are optically pumped by a circularly polarised laser tuned to the D1 line (5 2 S 1/2 |F = 2 → 5 2 P 1/2 |F = 3 ), at 795 nm. The oscillating magnetic field (BRF) excites EC in the sample and produces a transverse component of the atomic spins, coherently driven at ωRF, among the Zeeman sub-levels of 85 Rb. Precessing spins are probed by a second laser, linearly polarised and tuned to the D2 line (1.1 GHz to the blue side of the 5 2 S 1/2 |F = 3 → 5 2 P 3/2 |F = 4 optical transition) at 780 nm. Information on the Larmor precession of the atomic spins is obtained by measuring the rotation of the polarisation plane of the probe beam (Faraday rotation). To achieve this the instantaneous polarisation is projected onto two orthogonal components with a polarising beam splitter. Each component is monitored by a Si-photodiode. The two outputs are subtracted -to reject common mode noise and laser fluctuations -and amplified. The contributions produced by the specimens are measured with a lock-in amplifier (LIA), referenced to ωRF. This records the variations in the coherent spin motion that result from BEC.
EMI Images Creation and Display. EMI images are collected by moving the samples with a computer-controlled two-axis translational stage in thex,ẑ-plane. The EMI-AM system automatically measures the response of the target at each point. The signal is analysed by a lock-in amplifier (LIA), referenced to ωRF. The LIA produces four streams of data: the amplitude (R) and phase lag (φ) produced by ECs excited in the sample, and the real (X) and imaginary (Y ) components of the AM's signal S. Data are stored in position-referenced matrices. Datasets are then smoothed with a nearest neighbour Gaussian filter (radius 4 mm), and plotted in colour-coded 2D graphs. The colour scheme in this work was chosen to ease the visual reconstruction of the object's shape. The colour map is scaled between the maximum and the minimum of each single image. ∆φ is mentioned in this paper to convey the idea of a variation from the sensor's equilibrium induced by ECs in the object and the related BEC. However, no background subtraction has been performed, before or after each measurement.
Normalised Responses and Fitting.
To test the frequency response of the different targets, 11 images of the same specimen at different frequencies (ωRF = {1, 1.8, 3.11, 5.22, 7.33, 9.44, 11.16, 13.7, 15.8, 17.9, 20} × 10 2 kHz) were acquired in the same conditions. The ∆X and ∆Y responses were calculated as the value change within their respective images, and then normalised to the total signal -the value |S|. For each sample, the datapoints are fitted with a quadratic polynomial of the form {∆X, ∆Y } = Aω 2 RF + BωRF + C. No anomalous points were excluded from the fitting procedure, and the additional point (0, 0) was added to reproduce the zero response observed at ωRF = 0, where the RF AM cannot operate and no ECs can be induced.
